Abstract: Biological activity and the physical environment regulate greenhouse gas fluxes (CH 4 , N 2 O and NO) from upland soils. Wildfires are known to alter these factors such that we collected daily weather records, fire return intervals, or specific fire years, and soil data of four specific sites along the Colorado Front Range. These data were used as primary inputs into DAYCENT. In this paper we test the ability of DAYCENT to simulate four forested sites in this area and to address two objectives: (1) to evaluate the short-term influence of fire on trace gas fluxes from burned landscapes; and (2) to compare trace gas fluxes among locations and between pre-/post-fire suppression. The model simulations indicate that CH 4 oxidation is relatively unaffected by wildfire. In contrast, gross nitrification rates were reduced by 13.5-37.1% during the fire suppression period. At two of the sites, we calculated increases in gross nitrification rates (>100%), and N 2 O and NO fluxes during the year of fire relative to the year before a fire. Simulated fire suppression exhibited decreased gross nitrification rates presumably as nitrogen is immobilized. This finding concurs with other studies that highlight the importance of forest fires to maintain soil nitrogen availability.
Introduction
Fire regimes are determined by the interaction of climate, fuels/plant community, and ignitions [1, 2] . Regional to local climate dictates biomass accumulation and fuel ignitions, which taken together, determine a location's fire regime [1] . A moist climate may allow for greater fuel accumulation while simultaneously making that fuel less likely to be ignited, whereas the opposite would be expected to occur in a dry climate: lower fuel accumulation, but more easily ignited. The interplay among these three factors is of great interest as scientists continue to try and discern the importance of human influence on western U.S. forests and their fire regimes [3] .
In the western U.S., we have the most extensive and detailed fire history records in the world [4] . However, knowledge of fire activity does not always translate into an understanding of forest structure and function for those same periods of time. In particular, there is great interest and concern regarding the consequences of fire suppression and exclusion (which includes grazing effects) over the past century [5] on ecosystem structure and function, relative to the natural range of variability.
Despite its importance, relatively little research has related biomass accumulation and Colorado Front Range fire regimes. Warmer and drier conditions in the American West [6] have increased wildfire frequency and extent over the past three decades [7] . Global circulation models (GCMs) predict that these conditions will continue as greenhouse gases continue to accumulate in the atmosphere [6] . We are interested in understanding the extent to which natural variability and fire suppression practices on the source-sink strength of greenhouse gases, and how important the two-way interaction may be between fire and climate [8] .
Ecosystem modeling is particularly valuable for evaluating the sensitivity of ecosystem structure and functions to natural variability and management (such as fire suppression), especially for dynamic and highly variable processes that are difficult to estimate in the field, such as trace gas fluxes. Simulation models allow one to extrapolate across spatial variability and through time, and to evaluate historical situations that no longer occur. Our objectives in this study are to examine the DAYCENT model's ability to simulate [9] [10] [11] a ponderosa pine forest, and then:
1. Evaluate the short-term impact of fire on trace gas fluxes and N biogeochemistry from burned landscapes. 2. Examine trace gas fluxes and N biogeochemistry in response to hypothetical fire regimes among locations and pre-/post-fire suppression.
Experimental Section

Model Description
The DAYCENT model [10] is the daily time step version of the CENTURY model [12, 13] . Both models simulate the flow of carbon (C), nitrogen (N), phosphorus (P), and sulfur (S), as they cycle with production and decomposition of organic matter (plant and soil) through a simulated ecosystem. The DAYCENT 4.5 model includes daily representations of soil moisture, temperature, and N availability. Required model inputs include daily precipitation (cm) and maximum/minimum daily temperatures (°C), soil depth (divided into 10 layers), and soil characteristics (texture and bulk density). The high temporal resolution of the trace gas submodel allows for daily output of trace gas fluxes (nitrous oxide, nitric oxide, and methane). This improves estimates of gas fluxes, which are greatly variable and dependent upon rapid changes in the soil environment driven by weather variability and biotic processes.
The DAYCENT submodels include plant production, decomposition, methane oxidation, nitrification, and denitrification. The plant production subroutines simulate production, nutrient allocation, and death. These processes are regulated by soil water content, temperature and nutrient availability. Dead and decomposing material enters the soil organic matter (SOM) pools (active, slow, and passive) that are also regulated by the factors that affect production.
The N-gas submodel [11] utilizes the "hole-in-the-pipe" model [14] availability, labile C availability, O 2 , soil diffusivity, and respiration rates. No denitrification occurs within the model if the % water-filled-pore-space (% WFPS) falls below 55%. Denitrification rates increase exponentially between 55 and 90% WFPS. Nitrification rates are constrained by the size of the soil NH 4 + pool, soil temperature, % WFPS, and pH. Nitrous oxide production is considered to be a constant proportion of the nitrification rate (g N m
). Nitrous oxide (NO x ) production is directly proportional to N 2 O production, but also regulated by soil gas diffusivity and % WFPS.
Upland soils are generally found to be sinks for atmospheric CH 4 [15] . Del Grosso et al. [9] created a submodel within DAYCENT to simulate this biological process based upon field data collected in a variety of ecosystems, including grasslands, agricultural land, and forests. Methane oxidation is calculated within this submodel based upon soil water status (field capacity), soil texture, and soil bulk density. Each of these factors influence soil gas diffusivity, however, as this becomes less limiting the importance of soil temperature increases.
Study Sites
Fire History and Climate Data
We selected four sites to evaluate the response to fire events and fire exclusion practices, both of which are common in the region [16] : Boulder, Allenspark, Cheesman, and Fort Collins, with the intention of capturing a large range of variability in the Front Range of Colorado and maximizing the realm of inference. Each site had complete weather records, fire history documentation in the scientific literature, and field observations of trace gas flux rates.
Weather data were readily available and complete for each location. At three sites [17] , the daily weather records exceeded 100 years with the fourth site (Allenspark) having 58 years of record (Table 1) . The long period of observation provided a wide spectrum of variability in weather and climate. The climate of the northern Front Range is dry, with the lowest precipitation occurring in the winter. Precipitation is unimodal (Fort Collins and Boulder) to weakly bimodal (Allenspark and Cheesman) with peaks in the late spring (April and May) and/or summer (July and August) (Figure 1 ). Even during times of increased moisture vegetation can remain stressed due to the greater temperatures that occur concurrently. Mean annual temperature ranges between 4.7 and 11.0 °C at the four sites (Table 1) while mean annual precipitation ranges from 384-520 mm ( Table 1) . At each of these four sites we found estimates for fire return intervals ( Table 2) . Brown et al. [3] found that composite fire return intervals generally ranged between 6 and 12 years for Cheesman, though there were long periods (1723-2000, with fires in years 1723 and 1851) where fires were much less frequent. Two of the sites, Boulder and Allenspark, are located in Boulder County, Colorado where Veblen et al. [18] conducted an extensive fire history study. Boulder had an average fire return interval of 14 years with exact fire scar dates back to 1679. Sites near Allenspark had an average fire return interval of 40 years based on fire scar chronologies that date back to 1541. For the DAYCENT modeling we constrained the number of fires at these sites by selecting only the fire years during which at least 10% of the examined trees had recorded a fire scar. In order to make a good estimate of fire return interval for the Fort Collins site, we interpolated the fire return interval from an equation developed by Brown and Shepperd [19] for the region that relates fire return interval with latitude. We then pooled that with information from Rocky Mountain National Park [20] . These patterns of fire return interval are dictated in large part by the climate of the region and the individual sites that vary both in latitude and altitude. 
Study Sites-Vegetation and Soils
A dynamic ecotone is formed as the grasslands of the Great Plains merge into the forests of the foothills of the Colorado Front Range. We focused on two forest types within this ecotone, lower elevation ponderosa pine stands (that tend to be open with substantial grass, 1800-2100 meters) and mid-elevation ponderosa pine (that have some canopy closure, mixed with Douglas fir, 2100-2400 meters) [21] [22] [23] [24] .
We used site-specific soil data from the online NRCS Soil Survey. The Northern Front Range and Larimer County, Colorado are dominated by soils with a sandy loam texture. A typical soil profile is 0.90 m thick with bedrock at 1 m depth. Soils of Boulder County, Colorado are gravelly loamy sand with soil depths of approximately 1.5 m. At Allenspark, soils profiles are 1.5 m deep with a cobbly and stony sandy loam soil texture. Soils that surround the Cheesman Reservoir are shallow with weathered bedbrock at 0.75 m depth and the soil texture is gravelly throughout the profile. Using the soil texture triangle we converted texture descriptions from the NRCS Soil Survey to % sand, silt, and clay (Table 3) . Table 3 . A description of the site specific soil parameters used for each of the four simulated locations. Data shown include the number and thickness of soil layers, bulk density, and soil texture. Site specific soils data were retrieved from the United States Department of Agriculture-Natural Resource Conservation Service's Web Soil Survey [25] . 
Model Parameterization
Input required for running DAYCENT simulations includes daily weather (precipitation and temperature) and soil (texture and number of layers) data. These data are fundamental to the land surface submodel that simulates soil water content and soil temperature for each soil layer. We used the DAYCENT_file100 utility to estimate wilting point, field capacity, and saturated hydraulic conductivity (K s ) based on soil texture data for the sites.
We parameterized the model (CROP.100 and TREE.100 plant production subroutines) to simulate grass and tree production, nutrient allocation, and death in a temperate forest ecosystem [26] . Plant death is regulated by temperature, soil water content, and turnover rates. Dead and decomposing material enters the soil organic matter (SOM) pools. We used fire return intervals (FRI) from the scientific literature (Table 2) as the basis for the scheduling of fire events at each site. FRI and fire severity (and intensity) vary inversely [27] . We expressed this relationship in the model by allowing more severe fires when the time since the last fire was great relative to the mean fire return interval. Conversely, we modeled a low severity fire when the most recent fire was less than the mean fire return interval for the site. In the model, at the time of each fire event, biomass pools are multiplied by the user specified coefficient and that portion is removed from the simulation.
Simulation Procedure
Model simulations were initiated with the site-specific soil and weather data described above. We ran a total of four separate simulations, one per site. We initialized the DAYCENT model as a forest ecosystem with a grass component, and simulated plant production with two subroutines: one for the grass understory (CROP.100), and a second for the tree component (TREE.100). We used literature values for other ponderosa pine forests as estimates for initial conditions (pool sizes) for biomass and soil carbon, and ran simulations for each site for 2000 years. Between year 1 and 1500, we scheduled regular fires that reflected the fire return intervals at each site ( Table 2 ). The length of these simulation runs has been found to bring other modeled ecosystems into equilibrium [28] . We examined total soil organic matter pools at each site to verify steady state that we defined as having less than a 5% change in total soil organic matter from year to year. Each of the four simulated sites met this criterion.
At the time of each fire, DAYCENT ran two subroutines, TREM.100 (Table 4) and FIRE.100 ( Table 5 ). The TREM routine removed biomass from trees (and constituent pools) for either a low or high severity fire [29, 30] . The FIRE routine worked in a similar fashion except that rather than removing biomass from tree pools, it removed the grass and litter components at rates that correlated to the fire severity. At year 1500, we began to analyze the simulated fluxes (g m ) with the intent of observing how they responded to simulated fire events and more recent (circa 1920) fire suppression practices common to the region [16] . Table 4 . A description of DAYCENT input parameters for tree removal (TREM.100) events for two fire severity scenarios: surface (low severity) or canopy (high severity) fire. 4) fraction of S in killed live leaves that is returned to the system (ash or litter) 0.5 0 RETF(2,1) fraction of C in killed fine branches that is returned to the system (ash or dead fine branches) 0.5 0.3 RETF (2,2) fraction of N in killed fine branches that is returned to the system (ash or dead fine branches) 1 1 RETF (2,3) fraction of P in killed fine branches that is returned to the system (ash or dead fine branches) 0 0 RETF (2,4) fraction of S in killed fine branches that is returned to the system (ash or dead fine branches) 0.3 0 RETF (3,1) fraction of C in killed large wood that is returned to the system (ash or dead large wood) 2) fraction of N in killed large wood that is returned to the system (ash or dead large wood) 1 1 RETF (3,3) fraction of P in killed large wood that is returned to the system (ash or dead large wood) 0 0 RETF (3,4) fraction of S in killed large wood that is returned to the system (ash or dead large wood) Table 5 . A description of DAYCENT input parameters for fire events (FIRE.100) events for either a low fire severity or high severity fire scenario. This subroutine removed mass from litter and grass pools. 
Comparison of Model Output and Statistical Analyses
We used two methods to verify the model output and its ability to simulate biogeochemical processes in these forests. First, we compared the model output of plant production (NPP) and total ecosystem carbon with values in the scientific literature for ponderosa pine ecosystems [31] [32] [33] [34] [35] [36] . Law et al. [35] estimated total carbon stocks to be 10 to 21 kg m −2 in Oregon whereas simulations of our sites yielded estimates between 4 and 12 kg·C·m ) estimated by Hicke et al. [32] for the ponderosa pine forests of the Colorado Front Range.
In addition, we compared short-term, infrequent, trace gas flux measurements at locations near to each of the sites [37] to modeled output. We calculated the mean, minimum, maximum, and % CV for simulated methane oxidation, N 2 O and NO production, gross nitrification (g·m ), and annual precipitation (cm) for each site. We isolated the years that fires were simulated at each site and collected data for the fire year and the years before and after the fire. From these data, we calculated the means and the standard error of the means for the variables mentioned above (Figure 2 ) in order to determine the short-term influence of the fire. Following the same procedure, we grouped model output into two categories; pre-fire suppression (1500-1920, with hypothetical fire return intervals) and post-fire suppression (1920-2000, no fires). We evaluated the potential influence of large-scale management by comparing means (± SE) within and among sites. ), for each of the four simulated locations. Points represent the means of methane uptake one year prior to, during the year of, and one year after a fire occurred for each site. Error bars are the standard error of the mean.
Results and Discussion
Simulated and Observed Biogeochemistry of Front Range Forests
DAYCENT simulated consistent CH 4 uptake rates as across all four sites. Of the four sites we modeled, means ranged between 0.377 and 0.448 g·CH 4 ·m
, and the CV (%) for CH 4 uptake was <15% (Table 5 ). This correspondence among modeled sites reflects the similarity in the climate and soil texture (sandy loams). The CH 4 oxidation submodel is largely controlled by soil water content, which interacts with soil texture, to control gaseous diffusion through the soil profile. Del Grosso et al. [9] calculated that maximum CH 4 uptake (~0.438 g·CH 4 ·m
) occurs at 7.5% soil volumetric water for coarse textured soils such as the ones we used in these simulations. Field observations in the region [37] were made at soil moisture levels between 2 and 18% and associated flux rates agreed well with those predicted by the beta function used in the CH 4 oxidation submodel.
The simulation output suggests that DAYCENT captured this dependence of CH 4 uptake on soil moisture levels; Fort Collins, with intermediate levels of precipitation (Table 5 ) had the greatest CH 4 oxidation. In contrast Cheesman (the driest site), and Allenspark (wetter site) were (on an annual basis) below and above, respectively, the optimum soil moisture levels for CH 4 oxidation and thus showed lower rates. In his study of coniferous forest soils in Arizona, Hart [38] measured mean methane uptake rates of between 0.229 and 0.479 mg·C·m
. These uptake rates were significantly correlated with soil temperature rather than soil water content. While at a slightly lower elevation, the simulated sites in Colorado receive approximately half the precipitation that occurs at Hart's study sites. Elsewhere in the Front Range, methane uptake rates were measured in urban/agriculture/native [39] , alpine [40] and shortgrass steppe [41] [42] [43] ecosystems. The simulated rates of methane oxidation, ~0.4 g·m (Table 6) , are intermediate to the rates measured at these sites. Smith et al. [44] reviewed the scientific literature and calculated that the mean methane uptake rate of 0.24 g·m Nitrous oxide flux rates were also similar among the four modeled sites. However, each site exhibited greater variability than CH 4 uptake as CVs were >49% within all sites. Means (g·N·m [47, 48] . In an Oregon ponderosa pine forest Stark et al. [47] report NO fluxes of 0.009 g·N·m
whereas Levine et al. [48] report a flux rate of 0.63 g·N·m
in California chaparral. Table 6 . Mean, minimum, maximum and CV (%) for CH 4 . These descriptive data are derived from the years 1500-2000. , were greatest for the Allenspark simulation (Table 6 ). Means of the gross nitrification rates ranged between 0.558 and 0.861 g·m
The maximum rate of nitrification across all sites and years occurred at the Cheesman site with a value of 3.866. Minimum values of nitrification were generally ¼ of the mean; whereas maxima were 4-5 times the site mean ( Table 2 ). Patterns of variability were identical (in rank order) to those that were observed for NO fluxes (Table 6 ). Gross nitrification rates measured in ponderosa pine forests of Oregon and New Mexico [47, 49] were an order of magnitude greater than those calculated from the DAYCENT simulations.
Effects of Fire on Trace Gas Fluxes
Year Before, of and After Fire
Simulated methane uptake was minimally affected by fire. All four of the sites we modeled exhibited a slightly increasing trend over the three-year period that included the year prior to, the year of, and the year after a fire ( Figure 2) . Allenspark departed the most from pre-fire years, when methane uptake increased by a mean of 0.05 g·CH 4 ·m −2 during the year of a fire. At one-year post-fire, the mean CH 4 uptake had decreased though it was still slightly greater than the mean for one year pre-fire. Allenspark also exhibited the greatest variability of the four sites we modeled. This is best explained by the longer fire return interval (40 years), greater fire severity (high), and climate variability. In contrast, each of the other three sites showed much less variability, suggesting that fire has only a minor effect on CH 4 oxidation. None of the factors that control the rate CH 4 oxidation in the DAYCENT submodel, field capacity, soil texture and bulk density, are directly impacted by the modeled fire events. If we extrapolate our estimate to incorporate our knowledge of a fire's burn area we may use these data to estimate the change in sink strength as a result of a single fire event.
In 2002 the Hayman fire burned ~55,000 ha around which the Cheesman site was selected. Using these data, we estimate that the net reduction in sink strength between one year before and one-year after that fire would be approximately 55,000 kg CH 4 (or 1.0 kg ha −1 ). Each of the simulated sites exhibited a large increase in gross nitrification during a fire year relative to the year prior. Simulated N availability following the fires was increased at two of the sites, Fort Collins and Allenspark (Figure 2 ). This increase persisted into the year after the fire for Allenspark only, with Fort Collins returning to pre-fire levels within a year. Gross nitrification rates were relatively unaffected by fire at both Boulder and Cheesman (Figure 2 ). We attribute this primarily to the lower severity of the fires (less N lost, Tables 4,5) that were simulated at these sites. This is as compared to the Allenspark and Fort Collins sites, which generally had longer fire return intervals and consequentially greater fire severity (greater N lost).
Generally, greater fire severity leads to an increase in gaseous N loss from the forest during the fire. However, this effect of reduced substrate availability decreased as competition for nutrients with plants was also greatly reduced as the high severity fires at Allenspark and Fort Collins removed a large portion of the live vegetation. The model compares well with field data; Hamman et al. [50, 51] found that fire severity and altered fire regime can directly influence the soil microbial community structure and biogeochemistry in ponderosa pine forests of the Colorado Front Range. Carreira et al. [52] investigated the effect of a single fire and found that it significantly increased N availability and net nitrification rates. Similar findings have been documented in southwestern U.S. ponderosa pine [53, 54] and a variety of other ecosystems [55] .
We observed three patterns for gross nitrification means ( Figure 2 ): no change (Boulder), response and return (Cheesman and Fort Collins), and persistent change (Allenspark) over the three-year time period for each fire event. Nitrogenous gas (N 2 O and NO) fluxes are the result of incomplete oxidation during nitrification or reduction during denitrification. Of the four modeled sites, none had average rainfall greater than 530 mm yr −1 . The N-gas submodel is driven by soil moisture and no denitrification occurs when % WFPS < 55% [11] . This was supported by model observation of very low to absent N 2 flux, the end product of denitrification [11] .
Nitrous and nitric oxide fluxes ( Figure 2 ) followed a nearly identical pattern to simulated gross nitrification rates. Both are by-products of nitrification, and together, they accounted for up to 25% of the gross nitrification N. In a related study [37] we measured in situ N 2 O fluxes along a chronosequence of fires in the Colorado Front Range. We scaled these data up and calculated a mean flux of 0.002 g N m , which is an order of magnitude above and below these field measurements. These field based studies were limited in their spatial and temporal coverage, whereas DAYCENT appears to have integrated the variability observed in those studies producing an intermediate estimate of N 2 O fluxes from these systems.
Pre-versus Post-Fire Suppression
Fire suppression practices did not alter methane uptake rates in the DAYCENT simulations (Figure 3) . Within site variability was low for these two time periods. We calculate percent difference for pre-and post-fire suppression to be less than 1.2% at all 4 sites. Where methane uptake showed a short term increase immediately following a fire the response appears to be insignificant when considering longer time scales such as a single (hypothetical) fire return interval. While we saw a minor decrease in CH 4 uptake, we had expected greater differences to become apparent as fire suppression allowed tree biomass (or tree densities) to increase, which would consequently increase nutrient competition. The simulation data suggest that either methanotrophic bacteria are not in direct competition with plants for nutrients or that the model fails to capture this interaction.
Nitrous oxide fluxes were greatest at Allenspark, which had nearly 3-fold the rates observed at Cheesman, Boulder, and Fort Collins. Based on the model, this outcome is the result of differences in precipitation and soil properties between Allenspark and the other three simulated sites. DAYCENT first partitions N 2 O fluxes from nitrification and denitrification processes and then sums these values into the single value reported as the N 2 O flux. At Allenspark, precipitation events stimulated pulses of N 2 O flux denitrification, whereas similar events at the other three sites were only great enough to stimulate N 2 O flux from nitrification. Changes in N 2 O fluxes in response to fire suppression ( Figure 3 ) were greatest at Fort Collins (−36.7%), followed by Cheesman (−25.2%), Boulder (−14.5%), and Allenspark (10.3%). N 2 O flux rates at these four sites accounted for <1% of gross nitrification. Nitric oxide flux rates ( Figure 3) followed the same pattern, although the fluxes were an order of magnitude greater than N 2 O fluxes. Fire suppression reduced NO fluxes by 39.7% at Fort Collins, 28.6% at Cheesman, 19.0% at Boulder, and 15% at Allenspark. Since the climate wasn't different during the fire suppression period relative to prior, the changes in N 2 O and NO flux reflect a change in substrate availability as continued plant uptake during this the fire suppression period led to N immobilization.
We found Allenspark to have the greatest rate of nitrification both before and after fire suppression that was simulated to begin in 1920. Fire suppression decreased gross nitrification rates there the least, by 13.5%, compared to the other three sites: Boulder (−15.2%), Cheesman (−25.3%) and Fort Collins (−37.1%). Stark and Hart [49] measured gross nitrification rates of 25 to 79 mg·N·m ) in New Mexican and Oregon ponderosa pine, respectively. Stark and Hart [49] suggest that C and N supplies are the primary controls on gross nitrification rates. They suggest that internal cycling of NO 3 − is strongly controlled by microbial uptake which can be rapid relative to plant uptake in forested ecosystems. The DAYCENT simulations seem to capture this shortterm dynamic as gross nitrification rates increase during the year of the fire (Figure 2 ). Over longer time scales, the DAYCENT simulations predict that fire suppression has led to a decrease in gross nitrification rates relative to pre-1920 rates (Figure 3) . The DAYCENT simulations indicate that fire is important for maintaining N availability in ponderosa pine ecosystems. Covington and Sackett [53, 54] 
Conclusions
DAYCENT simulations indicate that CH 4 uptake in ponderosa pine forests of the Colorado Front Range is unaffected by wildfire over the short-term, or by fire suppression over the long-term. Field observations made in the same region show support for this conclusion as it relates to changes that occur over the short-term following a fire [37] . It remains unclear as to what effect climate change and changes in fire management practices will have on these forests that have had fire actively excluded for nearly a century. Specifically, it is interesting to consider how the microbial community responsible for methane uptake might respond to such changes [56] .
Nitrogen gas fluxes were tightly coupled with rates of gross nitrification at both short and long time scales. The DAYCENT simulations estimated mean N 2 O fluxes that fell within the range of field-based observations in the Colorado Front Range. Gross nitrification rates were lower during the simulated fire suppression period, which concurs with other studies that suggest wildfire maintains N cycling and availability. These data also suggest that management of these systems back to their natural fire regime may lead to increased rates of N cycling and in turn N-gas fluxes to the atmosphere. However, such changes appear to be temporary as N-gas fluxes return to average values within a year after a fire.
